Speckle-tracking echocardiography (STE) is a non-Doppler, angle-independent technique allowing the measurement of global and regional atrial strain (6, 17) . Several studies have already proved the usefulness of LA STE in sinus rhythm (12, 18) and in AF (19, 20) . LA strain has been shown to have additive value for the risk stratification of embolism and post-stroke mortality (20) .
On the basis of these observations, we hypothesized that the worsening of LA function demonstrated by TTE combined with STE may be associated with the presence of LAAT in patients with AF. Potentially, LA regional strain maps could be useful for identifying patients with worse function of LAA and higher probability of LAAT. Moreover, we studied the potential incremental significance of LA strain and strain rate over traditional risk stratification scheme.
Methods

Population characteristics
We conducted retrospective, cross-sectional study. We analyzed the database of reports of a tertiary cardiology center echocardiographic laboratory and identified 104 patients (mean age 67±11 years, 57% men) referred for clinically indicated TEE with non-valvular AF who underwent TTE and whose stored TTE images were suitable for STE-based offline analysis. We excluded patients with significant valvular heart disease (prosthetic valve, significant valve insufficiency and moderate stenosis).
Indications for TEE included: scheduled cardioversion (63 patients, 60.6%), scheduled ablation (27 patients, 26%), scheduled implantation of implantable cardioverter-defibrillator (6 patients, 5.8%), pathologies of the thoracic aorta (8 patients, 7.7%).
Data regarding clinical characteristics and treatment were collected on the basis of interviews and hospital documentation using standardized questionnaire. We calculated the CH 2 ADS 2 -VASc Score for each patient. The presence of AF was confirmed by means of 12-lead electrocardiogram in each patient. We classified AF as paroxysmal, persisting and permanent.
The anticoagulation was considered therapeutic if anticoagulants were used for at least 3 weeks before TEE in proper dosage. In the case of vitamin K antagonists anticoagulation was considered therapeutic if there were at least three recent consecutive measurements of International Normalized Ratio showing values ≥2.
The study was conducted in accordance with the ethical standards of the Local Institutional Review Board and with the 1964 Helsinki declaration and its later amendments. This project was approved by the Local Bioethics Committee. All patients gave their written informed consent before the study.
Transthoracic echocardiography
Echocardiographic examinations were performed using Vivid 7 (20 exams, 19.2%) or Vivid E9 (84 exams, 80.8%) echocardiograph (GE Healthcare, Horten, Norway) equipped with M4S (1.5-4.0 MHz) and M5S-D (1.5-4.5 MHz) probe, respectively. All images were acquired during AF. Five cardiac cycles were stored in cineloop format for further offline analysis. Echocardiographic measurements were done for consecutive beats and thereafter averaged. All linear dimensions and area measurements were taken according to current recommendations (21) . Left ventricular (LV) mass was measured using the cube formula (21) . The assessment of LV ejection fraction (LVEF) was done using a modified Simpson's method. LA area was measured by indicating its inner contours in four-chamber (4CH) and two-chamber (2CH) apical views during left ventricular end-systole. LAA and the inlet of the pulmonary veins were excluded. The LA volumes and emptying fraction were obtained using the biplane summation of disks method in the 4CH and 2CH views. Maximal LA volume was measured at the end-systolic phase and minimal at the end-diastolic phase-just before mitral valve opening and closure, respectively.
Transesophageal echocardiography
Transesophageal exams were performed using Vivid 7 (11 exams, 10.6%), Vivid E9 (80 exams, 76.9%; GE Healthcare, Horten, Norway) and Philips iE33 (13 exams, 12.5%; Philips Medical Systems, Bothell, WA) ultrasound machine. We performed detailed assessment of LAA. Second harmonic imaging was applied. Thrombus was defined as echodensity with distinct borders, separate from an endocardium and seen in multiple views. We took into account also LAA emptying velocity with pulse Doppler. The presence of LAAT was verified by two independent echocardiographers. For better visualization in 11 (10.6%) cases a second-generation contrast agent (SonoVue, Bracco International B.V., Amsterdam, the Netherlands) was used to exclude or confirm presence thrombi.
Speckle-tracking echocardiography
On top of standard echocardiographic evaluation of LA function, two-dimensional STE analysis was performed offline using EchoPAC software version 112, revision 1.3 (GE Healthcare, Horten, Norway). We used 4CH and 2CH apical views acquired with frame rate of at least 60 frames per second during breath hold. The LA endocardium was manually contoured and thereafter the region of interest was reduced to the wall thickness. We performed the visual revision of speckle-tracking and in some cases manual adjustments were necessary because of insufficient tracking quality. The software automatically divided LA wall longitudinally into six segments. We measured average peak positive left atrial longitudinal systolic atrial strain (LS, LA lengthening; Fig. 1a ), longitudinal systolic strain rate (LSSR, LA reservoir function), and longitudinal early diastolic strain rate (LESR, LA conduit function; Fig. 1b) . To resolve the problem of beat-to-beat variation in STE measurements we employed the index-beat method (Fig. 2) . This technique has been proved valuable in the assessment of LV strain during AF (22) . Particular results were estimated using the ratio of preceding to prepreceding R-R′ interval. We selected the beat with the smallest difference between prevenient R-R′ intervals. test depending on sample size. We used Pearson's coefficient to assess the correlations between particular parameters. Kappa statistics were used to determine the intraobserver and interobserver concordance in the assessment of particular STE measurements.
Statistical analysis
We generated receiver operating characteristics (ROC curves to determine the ability of different variables for discriminating between patients with and those without LAAT. The cut-off was gained using the criterion corresponding with the highest Youden index.
Regression analysis was performed to identify markers connected with LAAT. The covariates with p value ≤0.05 identified by univariate analysis were thereafter included in multivariate model in a stepwise manner. The most of univariate parameters were correlated. To avoid the problem of collinearity we constructed alternative multiple regression models for each STE result, LVEF, and iLV mass. Considering previously published findings, the models included prespecified variables such as CH 2 ADS 2 -VASc score and effective anticoagulation (14, 23) . Risks were expressed as odds ratio (OR) with 95% confidence interval (CI). The possible incremental value of each univariate factor over traditional risk stratification scheme was tested. The incremental value was assessed by comparing the global χ 2 value for each model.
A two-tailed probability value of <0.05 was considered statistically significant. The data were processed using MedCalc Software version 12.2.1 and SPSS version 20.0.
Results
Study population
Preliminary analysis excluded 11 (10.6%) patients because of suboptimal quality of transthoracic images. In TEE, interob- (1) to pre-preceding (2) R-R′ interval. We selected the beat with the smallest difference between prevenient R-R′ intervals BPM -beats per minute; HR -heart rate; STE -speckle-tracking echocardiography server discrepancies regarding LAAT vs. "sludge" differentiation involved 6 (5.8%) patients. These cases were excluded from further analysis. Finally, we enrolled into the study 36 patients with LAAT and 51 patients without LAAT as controls according to previously established criteria. Demographic, clinical, and echocardiographic data for the study group are presented in Table 1 .
Demographic and clinical parameters
The prevalence of particular AF types (paroxysmal, persistent, permanent) was similar in both subgroups. There were no significant differences between these patients with respect to age, body mass index, CH 2 ADS 2 -VASc Score, hypertension, heart failure, creatinine clearance, diabetes mellitus, and percentage of patients on therapeutic anticoagulation. The prevalence of coronary artery disease was higher in the LAAT group. Thirtyone (61%) patients without LAAT was treated with anticoagulants and this treatment was administered for at least 3 weeks before TEE in proper dosage in 23 (74%) of them. In patients with LAAT, the corresponding numbers were 24 (67%) and 14 (58%) patients, respectively.
Standard echocardiographic parameters
Patients with LAAT had lower LVEF and LAA emptying velocity, higher indexed LV mass, higher indexed LA area, maximal LA volume, and minimal LA volume. Both groups were comparable with regard to LA anteroposterior diameter and LA total emptying fraction.
Speckle-tracking echocardiography results
We noticed 33 (3.2%) segments with any positive peak on strain curve. Five subjects (5.7%) had only negative average strain curve in one of view. Moreover 66 (6.3%) segments had inadequate quality and were excluded from further assessment. All obtained STE measurements were indexed by preceding to pre-preceding R-R′ ratio.
Speckle-tracking analysis revealed significant differences between groups with and without LAAT. Patients with LAAT had more pronounced impairment of LA reservoir function expressed by LS and LSSR as well as conduit function, expressed by LESR. Strain and strain rate results were similar in a comparative analysis between 4CH and 2CH views.
Observer variability
Ten studies were randomly selected for intraobserver and interobserver variability assessment. The kappa coefficient of intraobserver agreement was 0.89 for LS, 0.85 for LESR, and 0.91 for LSSR. These results reflect very good agreement. The concordance between independent observers was good and very good (kappa coefficient was 0.80 for LS, 0.78 for LESR and 0.86 for LSSR).
Factors associated with LAAT presence
Parameters showing any statistically significant diagnostic value for identifying LAAT presence in ROC curves analysis Heart rate, BPM AF, n, % paroxysmal persistent permanent CH 2 ADS 2 -VASc Score <2, % ≥2, % Prior stroke or TIA, n, % Hypertension, n, % Heart failure, n, % Hyperlipidemia, n, % Diabetes mellitus, n, % Coronary artery disease, n, % Coronary artery bypass surgery, n, % Post myocardial infarction, n, % Smoking, n, % Alcohol abuse, n, % Anticoagulation, n, % Therapeutic anticoagulation, n, % Acenocumarol, n, % Warfarin, n, % Dabigatran, n, % Rivaroxaban, n, % AUCs for LA planimetric and volumetric parameters varied from 0.56 in the case of LA emptying fraction to 0.651 for LA minimal volume indexed to body surface area (BSA). Indexing to BSA increased the accuracy of planimetric and volumetric measurements. AUCs for STE measurements of LA function varied from 0.668 to 0.709 (p<0.05 for all measurements). Table 3 lists univariate and multivariate parameters associated with LAAT. We observed the additional value of LVEF, LS, LESR, and LSSR over CHA 2 DS 2 -VASc Score (Fig.  3) . The iLV mass was insignificant in this aspect. The multivariate factors for identifying LAAT even after adjustment for CHA 2 DS 2 -VASc and effective anticoagulation were LVEF, LS, LESR, and LSSR.
Discussion
To the best of our knowledge our study is the first one to investigate potential use of transthoracic STE to identify patients with higher probability of LAAT presence during AF. Previous studies concerning echocardiographic analysis of LA function, even in the context of AF, were mostly performed during sinus rhythm (24) . Left atrial strain was documented as predictor of LAAT in patients with sinus rhythm with suspected cardioembolic stroke (12) .
We analyzed population with AF. Both subgroups were similar with regard to demographic characteristics, cardiovascular risk factors, and anticoagulant therapy. The absence of difference in anticoagulation status resulted from the duration of AF and the previous implementation of treatment. We noticed many significant differences in standard and advanced echo measurements. The low or absent correlations between LA conventional and STE parameters may suggest that LA deformation has many determinants (25). AUC -area under receiver operating characteristics curve; iLA -parameter indexed to body surface area; LA -left atrial; LAAT -left atrial appendage thrombus; LESR -average LA longitudinal early-diastolic strain rate; LS -average peak positive longitudinal systolic atrial strain; LSSR -average LA longitudinal systolic strain rate; LV -left ventricular; LVEF -left ventricular ejection fraction Clinical and standard echocardiographic factors associated with LAAT To evaluate the diagnostic value of clinical data for the identification of the higher risk of LAAT we used the CH 2 ADS 2 -VASc Score-a well-established and validated scale stratifying stroke risk in AF (1) . Higher values of this score has been also reported in the patients with LAAT (26). In our study, despite comparable CH 2 ADS 2 -VASc Score values in both subgroups (with and without LAAT), the score was statistically significant univariate factor of LAAT. Contrary to earlier reports our analysis did not confirm significant meaning of more sustained AF forms for thrombus formation (27) . It may be hypothesized that high prevalence of risk factors (85% patients had at least the CH 2 ADS 2 -VASc Score equal 2) and sustained forms of AF in our study group was the reason for this lack of significant differences.
With regard to standard echocardiographic parameters, prior studies have shown that LVEF <40% implicates the presence of thrombus (28); our results confirm these observations. Moreover decreased LVEF is the predictor of warfarin-resistant LA thrombus (29) . However, in our study another parameter previously reported (28) as the predictor of LAAT presence, i.e., LA diameter, had poor diagnostic value only after indexing for BSA. It was indicated that enlargement of LA observed in echo, independently of applied method of calculation was associated with LAAT, dense spontaneous echo contrast or LAA low flow velocity. However, indexed LA area in 4-CH view and indexed volume had the highest prognostic value (14) . In our analysis standard LA echocardiographic area-length parameters had no or poor discriminative ability for the identification of thrombi. Moreover, none of them reached statistical significance in regression model. It may be explained by small variety of LA size in our group. In another study (11) LV mass measured by area-length method has predicted LAAT in persistent AF. This is partially consistent with our findings. We employed a cube formula and identified iLV mass as a univariate marker of LAAT, but without additive value over the CH 2 ADS 2 -VASc Score. Furthermore, increased LV enddiastolic pressure (typical for hypertrophy) has been associated with impaired LA filling in the analysis of changes in LA volume (30) . This fact may result in impaired LA hemodynamics and contribute to the higher probability of LAAT appearance.
Speckle-tracking echocardiographic factors associated with LAAT
We demonstrated that assessment of LA strain during AF is feasible. This is consistent with previous studies (19, 26) . Subgroup without LAAT had significantly higher strain and absolute strain rate values. These parameters have also been shown in previous studies to be predictive of reverse remodeling and identifying responders to cardioversion (19) and ablation (24) .
Our results indicate that the worsening of LA function detected by STE is associated with the higher risk of thrombi in LAA. However, each of STE measurement had poor to fair discriminative accuracy. In multivariate model after adjustment for the CH 2 ADS 2 -VASc Score and effective anticoagulation only LVEF, LA lengthening, LA conduit, and reservoir function were independently associated with the presence of LAAT.
We also demonstrated incremental diagnostic value of LA STE measurements over established risk stratification scale in identifying patients with LAAT. Previously it was established that LS measured in 4CH and 2CH views (without roof segments) has additional value over CHA 2 DS 2 -VASc Score, but for the risk stratification of embolism in patients with AF (20) . The data considering the additional value of LA strain rate are unavailable so far. Furthermore, our model of LA consisted of 12 segments.
In our study we also analyzed a number of segments with any positive peak on strain curve. Positive strain value reflects LA wall lengthening during pulmonary veins inflow. Negative strain value represents wall shortening when atrium empties into ventricle (19) . Lack of positive peak represents greater stiffness and lack of compliance. We included the number of segments with only negative strain to regression model. However, it was not statistically significant factor of LAAT appearance.
Study limitations
Our study has some limitations. This is a single-center, retrospective project with a relatively small group of patients, with high incidence of risk factors and LAA thrombi, but relatively low percentage of them on full anticoagulation. Therefore, these results need to be validated in a larger, prospective study. Another Table 2 represent the best case scenario.
Conclusions
STE may be used to describe the LA reservoir and conduit function during AF. The deformation analysis of LA function in TTE provides additional diagnostic value for discriminating between patients with and without LAAT. Left ventricular systolic dysfunction and impaired LA deformation are independent markers of LAAT in patients with AF. Analysis according to LA strain may be useful and important for the better understanding of pathophysiological conditions. Further prospective longitudinal studies in the larger group of patients are needed to validate our results, clarify raised issues and indicate their potential role in daily practice.
